In the past decades perceptual (or perceived) image quality has been one of the most important criteria for evaluating digitally processed image and video content. With the growing popularity of new media like stereoscopic displays there is a tendency to replace image quality with viewing experience as the ultimate criterion. Adopting such a high-level psychological criterion calls for a rethinking of the premises underlying human judgment. One premise is that perception is about accurately reconstructing the physical world in front of you ("inverse optics"). That is, human vision is striving for veridicality. The present study investigated one of its consequences, namely, that linear perspective will always yield the correct description of the perceived 3D geometry in 2D images. To this end, human observers adjusted the frontal view of a wireframe box on a television screen so as to look equally deep and wide (i.e. to look like a cube) or twice as deep as wide. In a number of stimulus configurations, the results showed huge deviations from veridicality suggesting that the inverse optics model fails. Instead, the results seem to be more in line with a model of "vision as optical interface".
INTRODUCTION
In the past decades perceptual (or perceived) image quality has been one of the most important criteria for evaluating digitally processed image and video content. This resulted in a large variety of standardized methodologies for quantifying human quality judgments. With the growing popularity of new media like stereoscopic displays there is a tendency to replace image quality with viewing experience as the ultimate criterion 1, 2 . Adopting such a high-level psychological criterion calls for a rethinking of the premises underlying human judgment and quality judgment in particular.
One of the most intriguing but often overlooked premises concerns the (usually implicitly adopted) underlying theory of human perception. Currently, the dominant theory of perception states that human perception is about accurately reconstructing the physical world in front of you ("inverse optics") 3 . That is, human vision is striving for veridicality. Such model is in line with the signal-processing approach towards image quality where it is generally taken for granted that there always will be a reference (for example, in image coding the original image) and that the impairment of image quality due to coding artifacts is related to the distance between the original and coded image 4, 5 . Recently, however, the model of vision as inverse optics striving for veridicality has been challenged by the so-called interface theory of human perception 6, 7, 8, 9 . This theory states that perception is not about accurately reconstructing the physical world but about constructing the properties and categories of an organism's perceptual world. On evolutionary grounds 6, 9 , one can argue that these perceptual structures are not intended to accurately match the physical world but, instead, are fast, intentiondriven explorations of the meaningless physical world in preparation of "optically guided potential behavior" 7, 8 , thus striving for utility and efficiency, not veridicality. The efficacy of such mind-to-world approach to perception increases by making use of prototypes or templates like memory colors 10 or canonical visual size 11 . In a similar vein, this approach justifies the existence of reference-free techniques as a viable way of evaluating image quality 12, 13 .
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Recently, Pont et al. 14 devised an experiment in which predictions from both theories could be directly confronted with each other. Their study concerned the depiction of 3D spaces in 2D images. According to the inverse optics model of visual perception such depiction should follow the rules of linear perspective in order to produce a faithful reproduction of the original scene. The experimental results, however, yielded huge deviations from model predictions based on linear perspective suggesting that the observers didn't go for veridicality. Instead, the results were much closer to the predictions on the basis of the interface model of perception supporting the growing experimental evidence for a model of "vision as optical user interface" 7, 8 .
The objective of the present study is to replicate and extend the experiment by Pont et al. To this end, we investigated a variety of stimulus configurations as well as the impact of changing the instructions to the participants. The results can be found in section 3. As an introduction to our experiments, a brief summary of the study by Pont et al. is presented in section 2. Main conclusions can be found in section 4.
DEPTH IN BOX SPACES
As already stated above, the study by Pont et al. 14 was about the depiction of 3D spaces in 2D images and in particular whether linear perspective will always yield the correct description of the perceived 3D geometry in 2D images. In general, this is investigated by taking a static image and vary the viewing conditions, assuming that if the eye is not in the center of projection belonging to that image, the image will look distorted 15 . In the study by Pont et al. the experimental procedure was exactly the opposite: per trial the viewing condition was fixed while the image was interactively manipulated by the observer until the perceived configuration in the image was considered to be in line with the instructions to the observer. The stimulus was a transparent wireframe picture of a frontoparallel box space against a white background (Fig. 1 , left-hand side) shown on a 37" wide-screen (aspect ratio 16/9) LCD television set to a resolution of 1280 by 1024 pixels and a vertical refresh rate of 75 Hz. The (invisible) horizon divided the wireframe in two equal parts with the primary vanishing point in the center of the picture. The participants were instructed to adjust the wireframe picture such that it looked like the picture of a cube, i.e. equally deep as wide. This was accomplished by changing the ratio of the sizes of the backside of the box space (i.e. side B of the inner square) and the front (i.e. side A of the outer square) while keeping the outer square constant. According to the rules of one-point linear perspective, the resulting ratio B/A (or foreshortening f) will depend in case of a cube on viewing distance L and object size A as follows:
The relations between viewing distance, object size and foreshortening are illustrated in figure 1 , right-hand panel. At a given viewing distance, the veridical or true foreshortening will systematically decrease as a function of object size. For a given object size, on the other hand, true foreshortening will increase as a function of viewing distance.
Seven participants, highly trained in psychophysical experiments, performed the experiment at five different viewing distances (30, 60, 120, 240 and 480 cm) with an eye-patch in front of their non-dominant eye. At each distance, they adjusted interactively the foreshortening for five object sizes (2.6, 5.2, 10.5, 20.9 and 41.9 cm). These experimental conditions resulted in true foreshortenings ranging from 0.42 to 0.99. The dashed line in the middle panel of figure 2 denotes the best linear fit to the experimental data averaged across the participants. Its shallow slope indicates that the responded foreshortening only slightly increased as a function of true foreshortening and in fact suggests that the participants preferred a constant value as predicted by the interface theory of vision. This is supported by the fit to the regression line by a weighted sum of true foreshortening f true and constant foreshortening f template , or
weight w being equal to 0.28 and f template being equal to 0.56. In figure 2 , the upper left-hand and the lower right-hand wireframe boxes represent the setting for the constant foreshortening f template while the lower left-hand and upper righthand wireframe boxes represent the corresponding veridical foreshortenings at low and high values of f true respectively. Observe that the wireframe boxes with the constant foreshortening f template look like cubes whereas the corresponding veridical settings appear deformed. That is, at low values of foreshortening the wireframe box looks like an elongated corridor whereas at high values it looks very flattened, lacking a sense of depth. These observations support the 
EXPERIMENTS
In order to extend the study by Pont et al. 14 , we introduced, in separate sessions, one of the following additions to their experimental setting: (1) a context was added making the horizon and vanishing point explicitly visible, (2) the wireframe box was rotated over 45 degrees transforming it into a diamond-shaped box space. Furthermore, naïve participants performed the experiments. Finally, in one condition the participants were instructed to adjust the foreshortening of the wireframe box space such that it looked either equally deep and wide (i.e. look like a cube, aspect ratio of one) or twice as deep as wide (i.e. aspect ratio of two).
Method

Participants
All participants were students from the faculty of Industrial Design Engineering, Delft University of Technology, who followed the first-year course "Research & Design" in 2010 and 2011. They had no experience with psychophysical experiments. All had normal or correct-to-normal vision. Some participants viewed the images with two eyes. A metaanalysis showed that this had no impact on the experimental results. All participants mentioned that they experienced a sense of depth; in particular for the large object at short viewing distance it was felt as if they were inside the box space.
Procedure
The experimental set-up was similar to the one in the study by Pont et al. The viewing conditions were confined to three: 30, 120 and 480 cm. In addition, the object sizes were limited to four: 5, 10, 20 and 40 cm. In total, four types of experiments were performed. In the first one, 27 students measured the impact of viewing distance and object size on the foreshortening, thus replicating the study by Pont et al. but now with naïve observers. In the second experiment, ten students evaluated two situations, one with and one without contextual information. In the latter condition, the transparent wireframe box appeared to be placed on a tiled surface with the orthogonal lines converging to the vanishing point on the horizon. Figure 4 contains a screenshot of this configuration. In the third experiment, six students assessed the impact of rotating the wireframe box space by 45 degrees to the original setting. Finally, in the last experiment ten students determined the appropriate foreshortening in two conditions: the original one where the wireframe box should look like a cube (aspect ratio of perceived width and depth being 1:1) and one with aspect ratio of perceived width and depth being 1:2.
Data analysis
The results of the last three experiments were analyzed by means of multiple linear regression using one dummy variable (X = {0,1}) to quantify the impact of the additional variable (context, rotation, aspect ratio) or
where X = 0 stands for the original condition, i.e. similar to the one in Pont et al., and X = 1 for the new condition. 2), weight w was estimated to be 0.16 with f template being equal to 0.53 and 0.35 for aspect ratios of one and two, respectively. On the right-hand side of figure 6 , the upper and lower wireframe box spaces correspond with these values of f template . Assuming the aspect ratio for the cube to be one and using the two estimated values for f template , the perceived aspect ratio for the other box space was calculated to be equal to 2.07. This value is close to the instructed value of two, suggesting that the aspect ratio is preserved in the present setting.
Results
CONCLUSIONS
The results of the present study confirm and extend the conclusions drawn from the previous study by Pont et al 14 .
The main conclusions about the correct description of the perceived 3D geometry in 2D images are the following:
• There exist large deviations from veridicality. For the box spaces, the true foreshortenings due to the sizedistance effect contributed not much to the responded foreshortenings with weights for true foreshortening (f true ) varying between 0.03 and 0.28.
• There is a preference for templates or standard views instead of taking perspective into account. For the box spaces with aspect ratio of one (i.e. cubes), the value of f template varied between 0.50 and 0.56 while its contribution to the responded foreshortenings was large with weights varying between 0.72 and 0.97.
• Aspect ratio of width and depth of a box space was preserved in the current setting.
• Results support the "vision as optical interface" concept.
In short, these conclusions indicate that human observers maintain a notion of how things should look in a "canonical view" 11 and that, if the rendering deviates from this canonical view, they start to complain, in disregard of such parameters as viewing distance and picture size. Painters know this from experience already for a long time and apply corrections to perfect linear perspective in order to make paintings look right 8, 15 . For example, in the painting School of Athens Raphael drew off-center spheres as circles rather than as ellipses, even though this is the proper shape for their perspective image, in order to avoid the spheres looking distorted 15 . The present study supports this approach in a quantitative way.
